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ABSTRACT 
The purpose of the investigation was to examine the possibility of improving tool life by reducing the wear 
effect and improving the adhesion of a thin film through a compound configuration that consists in boriding 
and PVD deposition. Single layer coatings of TiN were deposited by PVD (cathodic arc) on quenched and 
tempered and on borided powder metallurgy (P/M) AISI M2 steel. Adhesion test was performed according 
VDI 3198. Microhardness measurements were performed on Vickers scale and the tribological behavior 
evaluated through dry sliding wear test, using a ball-on-disk apparatus. The wear tracks were analyzed 
through scanning electron microscopy (SEM) and confocal microscopy. After the wear test the samples were 
transversally cut, coating and substrate were investigated using scanning electron microscopy (SEM). The 
results showed a better adhesion of the coating for the borided sample comparing to the quenched and tem-
pered sample. The wear mechanisms of quenched/tempered-TiN (Q/T-TiN) samples against Al2O3 ball were 
different from the wear mechanisms of borided-TiN (B-TiN) sample against Al2O3 ball. 
Keywords: Coatings; Sliding wear; High speed steel; Adhesion; Boriding. 
1. INTRODUCTION 
The surface is the most important part in many engineering components; it has great influence on lifetime 
and performance of tools and machinery. Most part of the failures are originated on the surface, either by 
corrosion, wear or fatigue [1].  
Ceramic coatings are used with the aim to protect the surface against wear, corrosion, erosion and other un-
expected damage, improving material´s resistance where they are most needed. TiN coatings can be produced 
by physical vapour deposition (PVD) or chemical vapour deposition (CVD). It is largely used as a tribologi-
cal coating because of its properties combination: high hardness, wear resistance, low friction coefficient and 
chemical inertness [2].  
Good adhesion between the substrate and coating combined with a greater load bearing capacity are extreme-
ly necessary for the durability enhancement [3]. 
The load bearing capacity is the ability that the compound has to withstand tribological loads without the 
occurrence of plastic deformation or premature failure due to cracks or delamination of the coating. The sub-
strate hardness influences the wear of PVD coatings and consequently it influences the friction characteristics 
and galling tendency of the composite (coating/substrate). Low substrate hardness results in a low load bear-
ing capacity, and increases the possibility of cracks occurrence and subsequently the brittle coating delamina-
tion [4].  
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Boriding can improve the substrate hardness and its wear resistance through the diffusion of boron at temper-
atures varying from 840 and 1050 °C for steels [5, 6]. This thermochemical treatment promotes the formation 
of two different phases in the substrate surface: FeB and Fe2B [7]. The obtained hardness is about 1400 to 
2100 HV, depending on the composition and structure of the borided layer, process time and temperature, 
and substrate composition [8-10]  
Pack boriding method (EKABORTM2) was used to obtain boride underlayers on AISI 430 steel substrates, 
for the B4C deposition, by DC magnetron sputtering. This functionally graded multilayer promoted well ad-
herent growth of boron containing ceramic coating [11].  
Another study involving boriding treatment prior to the deposition was related to a microwave-plasma CVD 
process, where CoCrMo samples (ASTM F1537) were borided using a diborane (B2H6) and hydrogen (H2) 
feed gas mixture and coated with a nanostructured diamond film. Progressive load scratch and hardness tests 
show a robust surface layer not prone to brittle fracture for the borided surface, and results in good adhesion 
of the nanostructured film with low surface roughness [12].  
The aim of this paper is the analysis of the contribution of borided layers on the wear resistance and adhesion 
of TiN coatings on a high speed steel produced by powder metallurgy (P/M). The P/M AISI M2 samples 
were borided using Ekabor 1-V2 powder and coated through a PVD commercial process (cathodic arc). 
The characterization of the compound (substrate and coating) was carried out by means of microhardness, 
surface roughness, adhesion and scanning electron microscopy. The tribological behavior was assessed 
through unlubricated ball-on-disk sliding wear test. The volume of removed material and the coefficient of 
friction were obtained. The wear track was analyzed by scanning electron microscopy and confocal micros-
copy. 
2. MATERIALS AND METHODS 
Table 1 shows the composition of P/M AISI M2. 
Table 1: P/M AISI M2 composition (% weight). 
 C Cr Mo V W Fe 
AISI M2 0.8 4.1 5.00 1.9 6.1 Balance 
 
After uniaxial compression at 700 MPa the samples were sintered under vacuum at 1270 °C for 1 hour. 
Quenching and Tempering heat treatments were carried out as shown on the cycle of Figure 1. 
Pack boriding method was used to obtain boride layers on P/M AISI M2 steel substrates. The samples were 
packed in the powder Ekabor 1-V2, and sealed in a stainless steel container. The container was placed in a 
resistance furnace.  Boriding was performed at 1000 °C for 2 hours.  
 
 
Figure 1: Heat treatment cycle. 
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Both quenched and tempered and borided samples were coated in industrial-scale cathodic arc plating system. 
The polished samples were mounted on a rotational substrate holder. TiN coatings were deposited using Ti 
cathodes and reactive gas N2. The commercial process consists in the generation of vacuum in the chamber, 
followed by heating the system (substrate temperature for deposition was 550 °C), bombardment of the spec-
imens with the purpose to clean the samples surface, deposition and cooling.   
Roughness parameter (Ra value) was obtained after the deposition using a rugosimeter Mitutoyo Surftest 211, 
18 measurements were obtained for each condition and the cut-off length was 0.8 mm. Cross-sections of the 
samples were observed using scanning electron microscopy (SEM). The samples were etched in 3% Nital 
solution. Adhesion test was performed according VDI 3198 by Rockwell-C indentation test. This is a reliable 
qualitative control test applied in layered compounds [13-15]. A load of 1471 N was applied to cause coating 
damage adjacent to the boundary of the indentation. The impression was evaluated using SEM. Cross section 
microhardness was assessed by Vickers microhardness tester Shimadzu HMV-2T using 25 g load, 9 meas-
urements were obtained for each distance of the surface and indentation time of 10 seconds. 
Sliding tests were performed on quenched/tempered AISI M2-TiN (Q/T-TiN) and on borided AISI M2-TiN 
(B-TiN) disks using a ball-on-disk sliding wear apparatus without lubrication. The counter-body used was a 
polished alumina (Al2O3) ball of 6 mm diameter. The test was carried at room temperature (~ 25 °C). The 
stationery ball was pressed with a load of 10 N to the disk rotating at a horizontal plane.  The sliding speed 
was 0.1 m/s. The track radius was 4 mm, and the total sliding distance of 1000 m. The friction coefficient 
was obtained during the test, by the measurement of friction force. Profiles of the wear tracks were made on a 
confocal microscope, and the volume of removed material obtained using Mountains Map
®
 software. Four 
tests were performed for each condition and four wear profiles obtained on each wear track. 
 
3. RESULTS AND DISCUSSION 
Figure 2 shows the results of roughness (Ra parameter).  
 
 
Figure 2: Roughness Ra [µm]. 
The results indicated are statistically the same for these conditions with 95% of reliability. This parameter 
was measured after the deposition. 
The microhardness profiles of the samples B-TiN and Q/T-TiN are shown on Figure 3. Boriding treatment 
promoted an increase on the surface hardness of more than 100%. The TiN coating hardness is about 2500 
HV. 
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Figure 3: Microhardness profile of the samples B-TiN and Q/T-TiN. 
The cross-sections of the samples are shown on Figure 4. The coating copies the topography of the sample. 
The typical carbides of the AISI M2 can be seen both on quenched and tempered samples and inside the 
borided layer for the borided samples. On Figures 4 b) and 5, of the borided samples, the dark region on the 
bottom of the image corresponds to the matrix.  
 
 
Figure 4: Cross-section micrographs of samples a) Q/T-TiN and b) B-TiN. 
The presence of these carbides (with micron and submicron size) inside the borided layers was previously 
discussed [10], which has shown that they are homogeneously distributed, have high fracture toughness, and 
can obstruct the crack propagation in the borided layer. These carbides are uniformly distributed and their 
sizes are similar to the ones found on the substrate.  
Figure 5 shows the micrograph of the sample B-TiN obtained using backscattered electrons-BSE. It is possi-
ble to observe the phases obtained with the boriding treatment. The darker phase is FeB, and the phase bel-
low FeB is Fe2B.  
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Figure 5: Cross-section micrograph of the sample B-TiN (BSE - back scattered electrons). 
The adhesion test results show that boriding treatment increases the adhesion of the coating to the substrate. 
The SEM micrographs of VDI adhesion tests are show on Figure 6. Figure 6 a) shows unacceptable level of 
adhesion strength of the film to the quenched and tempered sample according to VDI 3198, due to the delam-
ination at the vicinity of the indentation. The film was completely removed at the vicinity by the indentation 
as shown by the arrows. Figure 6 b) shows that the delamination is reduced when the sample is borided prior 
to the deposition (the delamination points are highlighted by the squares). This can be attributed to the higher 
hardness of the borided layer (approximately 2000 HV), combined with a higher load bearing capacity. A 
higher hardness of the substrate leads to a reduction of the interfacial residual stress, increasing the adhesion 
of the coating to the substrate [16].  
 
 
Figure 6: SEM micrographs of VDI adhesion test on a) Q/T-TiN and b) B-TiN. 
Figure 7 graphically represents the friction coefficients obtained during the wear test for the samples. These 
results are the average of the friction coefficients values in steady regime of four samples for each condition. 
The friction coefficient is lower for the B-TiN samples (0.6802 ± 0.0098). For Q/T-TiN samples the friction 
coefficient is about 0.7509 ±0.0148. There is a reduction of approximately 10% on the friction coefficient for 
the B-TiN samples. 
The combination of properties as high hardness and low friction coefficient is important for the reduction of 
wear rates [17]. Combining boriding treatment and TiN deposition there was a reduction on the friction coef-
ficient value and the wear mechanism was changed. Considering that for both conditions the surface was 
coated with TiN, this increase in the friction coefficient for the Q/T-TiN samples can be attributed to the 
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Figure 7: Friction coefficient of the samples. 
The change in the wear mechanism is evidenced by the volume loss results indicated for the Q/T-TiN sam-
ples in contrast with the negative results indicated by the B-TiN samples, in Figure 8. These results indicate 
that for the B-TiN samples there was adhesion of material in the wear track.  
 
 
Figure 8: Volume of removed material. 
The wear tracks were analyzed using SEM. Figure 9 presents the wear tracks of the samples a) Q/T-TiN and 
b) B-TiN. It can be seen in the micrograph of Figure 9 a) the presence of risk/grooves in the wear track paral-
lel to the sliding direction (shown by the arrows), indicating signs of abrasive wear. These risks are probably 
promoted by the delamination of hard particles of the film that are trapped in between the ball and the disk. 
In relation to Figure 9 b) it is noticed that there is a change in the wear mechanism, a reduction in the signs of 
abrasive wear. 
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Figure 9: SEM micrographs of wear tracks a) Q/T-TiN b) B-TiN. 
Figure 10 shows the qualitative chemical analysis (EDS mapping - Energy Dispersive Spectroscopy) ob-
tained for the samples Q/T-TiN.  
Through the analysis it is observed that there was great oxidation on the edge of the track, due to the 
presence of small wear particles, that during the ball-on-disk test were pushed to this position. The 
constituents of the coating Ti and N are presented in reduced quantity on the track indicating some removal 
of the coating and Fe is more evident on the track, indicating exposure of the substrate.   
 
Figure 10: Worn track and EDS mapping of Q/T-TiN sample. 
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Comparatively Figure 11 of B-TiN samples shows greater presence of oxygen in the middle of the 
track, and the presence of small wear particles is not clearly detected through the image. 
 
 
Figure 11: Worn track and EDS mapping of B-TiN sample. 
 Another assumption for the presence of oxygen inside the track can be attributed to the ball wear, as 
the ball used is a polished Al2O3 ball.  In respect of the coating constituents (Ti and N), the removal is not as 
evident as observed for the Q/T-TiN samples, although it is indicated by the Fe spectra that there was a par-
tial removal of the coating. For this condition it was also detected the presence of Al, as confirmed in the 
spectra of Figure 12 in the middle of the track.  
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Figure 12: EDS spectrum of a point in the middle of the wear track of the B-TiN sample.  
Al component is neither a constituent of the coating and nor a constituent of the substrate. This spec-
trum indicates that there was some wear of the ball (Al2O3), and adhesion of the ball constituents on the wear 
track. The presence of the ball debris is attributed to the ball wear.  
Considering that the ball hardness is 1660 ± 50 HV1 (informed by the supplier), it means that it is 
17% lower than the borided layer hardness, 33% lower than the film hardness and 40% higher than the 
quenched and tempered substrate. As the tests confirmed a better adhesion of the film on the substrate for the 
B-TiN samples it is also confirmed a better load bearing capacity for the borided layer. The removal of the 
TiN layer on the Q/T-TiN samples during the ball-on-disk test can be explained by the lower load bearing 
capacity of the substrate. On the other hand, the wear of the ball can be associated to the higher hardness of 
the B-TiN samples, better adhesion of the film, and higher load bearing capacity. 
The wear tracks were also observed using a confocal microscopy technique. Figure 13 a) shows the 
track of the Q/T-TiN sample where it is observed signs of abrasive wear by the risks/grooves on the track. 
Figure 13 b) of the B-TiN sample shows the presence of higher peaks inside the track comparing to the peaks 
outside the track. That is an evidence of adhesion, probably from the ball material on the track, as discussed 
and observed on Figure 12. 
 
 
Figure 13: Wear tracks confocal images of a) Q/T-TiN b) B-TiN. 
Figures 13 and 9 show that the track width of the Q/T-TiN sample is greater than the track width of 
the B-TiN sample, in accordance of a higher removal of material during the wear test. 
4. CONCLUSIONS 
Based on the results it is possible to conclude that: 
 The TiN coating grows on the borided and on the quenched and tempered samples copying its topogra-
phy. 
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 The boriding treatment on P/M AISI M2 promotes a better adhesion of TiN coatings comparing with 
quenched and tempered P/M AISI M2. 
 The friction coefficient is reduced when a P/M AISI M2 sample is borided prior to the deposition.  
 Boriding treatment promoted an increase in the substrate hardness (about 100%) and better load bearing 
capacity comparing with quenched and tempered P/M AISI M2, due to the formation of hard phases on 
the material surface. 
 The wear mechanisms of Q/T-TiN samples against Al2O3 ball was abrasive-oxidative, and the wear 
mechanism of B-TiN sample against Al2O3 ball was adhesive-oxidative. Regarding that, there was adhe-
sion of the ball on the track. 
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